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ABSTRACT
This work describes the absorption system performance with working pairs LiBr−H2 O and Carrol−H2 O (Carrol contains LiBr and EG -Ethylene glycol- with a mass ratio at 4.5:1) considering the thermal characteristics enhancement.
The enhancements affect the working pairs and components’ properties like surface tension, contact angle, minimum
wetting rate (MWR), and thermal conductivity. Surfactants are employed to strengthen the Marangoni effect, hydrophilic treatment is used on the absorber to improve wettability, nanofluids of working pairs are made to increase the
thermal conductivity, and mechanical vibration is also considered to enhance mass transfer. Simulations are carried out
to investigate the theoretical improvements of the enhancements in the absorption system. The numerical model was
implemented on a modular object−oriented simulation platform (NEST platform tool), which allows linking different
components, considered objects, which can be either an empirical−based model or a more detailed CFD calculation
if necessary. Besides, a simplified 2D model of the falling film is built with C++ to predict the enhancement performance with details. The data of the properties are extracted from previous experimental work or other references in
terms of the enhancement characteristics. The heat and mass transfer coefficients will increase 10−30% with nanoparticles in the falling film according to the 2D model. In terms of absorption system simulations, with the nanoparticle
enhancement, the thermal conductivity could increase from 5 to 50%. It could increase the working capacity of the
absorption system by around 5% at the same operating condition. With the enhancement of surfactants, the working
capacity could increase by around 10%, and for the vibration, the improvement is around 5%. In general, in a limited
range of current thermodynamic enhancement methods, all the enhancement attribute to a higher working capacity,
slightly higher COP, and COPex , while the exergy destruction almost remains the same since the energy input will
barely change.

1. INTRODUCTION
Recent environmental concerns and the policy of CO2 emission reduction has encouraged the further development of
absorption system in climatization applications. And the small capacity(less than 30kW) absorption systems could
play a critical role in energy saving. In the absorption system, LiBr−H2 O is one of the most widely used working pairs,
and the refrigerant water grants the eco-friendly advantage. Besides, R. Reimann (1979) proposed another working
pair, Carrol−H2 O , to reduce the crystallization risk. The operational performance of the absorption system could be
improved by several methods such as enhancing thermophysical properties of the working pairs, employing special
materials to the components, or imposing force fields like vibration to enhance the performance of the absorption
system.
Many authors have done numerical and experimental works on the falling film with and without enhancement. Yang
& Wood (1992) simulated LiBr solution with the laminar smooth condition and validated the results with experimental
data. Gao et al. (2020) used software COMSOL to establish the model of falling film absorption considering the
thermodynamic properties enhancement with nanofluids. The results confirm the existence of an optimum film flow
rate, and after adding copper oxide nanoparticles, the mass transfer rate and mass transfer coefficient are all increased.
Meyer & Ziegler (2014) solved the smooth laminar problem analytically and could be employed to validate the falling
film model. In terms of the absorber material or structure, Miller & Perez-Blanco (1993) used advanced surface
tubes in a vertical falling film and obtained better performance in heat transfer with an improvement in the range
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of 175−300% over a smooth tube. Kim & Kang (2003) used the hydrophilic surface treatment on the outside of
copper tubes in a horizontal falling film and found that the heat transfer coefficient in evaporation improved 2−3 times.
Surfactants are commonly applied in the absorption system to enhance the Marangoni effect. Cheng et al. (2004) used
1−Octanol, 2−EH to enhance the heat and mass transfer coefficients in a vertical falling film absorption with working
pairs LiBr−H2 O experimentally and proposed an empirical equation to describe the relationship of surfactant and heat
transfer. Besides, Fu Lin & Shigang (2011) did an experimental study on vertical vapour absorption into LiBr solution
with and without additive with 90ppm of 2−EH and found that the mass transfer coefficient could increase around two
times. Also, Zhang et al. (2019) did an experimental investigation of a horizontal falling film with different types of
tubes and surfactants and found that the surfactant 2−EH is superior to 1−Octanol in terms of heat and mass transfer
enhancement. Also, the surfactants have a more significant effect than tube surface geometry in heat and mass transfer.
The surfactant has an optimum mass fraction range of 80−160ppm, and this value may increase with the solution flow
rate. Besides the additives, nanofluids are an alternative method to enhance heat and mass transfer performance.
Unlike surfactants, nanoparticles are solid particles with a diameter of 10−100nm, and the particles are generally not
soluble in the working pairs. The working pairs should be converted to nanofluid to obtain a stable suspension of
nanoparticles. The nanoparticles typically have a much larger thermal conductivity and will eventually increase the
thermal conductivity of the working pairs. Kang et al. (2008) used LiBr−H2 O solution with nanoparticles of Fe and
Carbon nanotubes (CNT) in a falling film and found that the vapour absorption rates of the nanofluids are 1.29−2.2
and 1.35−2.5 times higher than that for the base fluid for 0.01% and 0.1wt%, respectively. Also, Wang et al. (2018)
used LiBr−H2 O nanofluid with CuO nanoparticles with 0.05% and 0.1vol% at flow rate 1.0L⋅min−1 , and found the
mass transfer coefficient increased by 1.28 and 1.41 times, respectively. Jung et al. (2011) measured LiBr−H2 O binary
mixture with Al2 O3 thermal conductivity with a dispersion of PVA, it was found that the thermal conductivity enhanced
by 2.2% at 0.1 vol% concentration condition. Moreover, Tsuda & Perez-Blanco (2001) did an experimental study of a
vibration effect on falling film, and the results show that the vibration could also enhance the heat and mass transfer but
is way more complex. Different optimum frequencies and displacement are required for different Re numbers.
Moreover, simulations of the whole absorption system are also carried out to design an absorption machine prototype.
Evola et al. (2013) proposed a model for the dynamic simulation of a solar-assisted single-stage LiBr−H2 O absorption
chiller and validated the numerical model with a commercial absorption machine at a small capacity <10kW. Castro et
al. (2008), Castro et al. (2020) did numerical modelling of an air-cooled LiBr−H2 O absorption chiller based on mass
transfer empirical correlations and obtained similar working capacity and COP. Furthermore, in the previous work
Zheng, Castro, Oliva, & Oliet (2021) exegetical model is also employed in both chiller and heat pump mode for a
small absorption system.
In this work, a virtual machine of an absorption system was built to test the whole system’s steady-state performance
with different working pairs and various enhancement methods. In previous work Castro et al. (2020),Zheng, Castro,
& Oliet (2021), the transient model for the development of an air-cooled LiBr-H2 O absorption chiller based on heat
and mass transfer empirical correlations was proposed. The model was validated with experimental results with a
small capacity (2-3kW) direct air-cooled machine in Castro et al. (2007). Furthermore, an energetic analysis model
was also proposed by previous work Zheng, Castro, Oliva, & Oliet (2021) to describe the thermophysical details of
the machine. The simulations in the NEST focus on the system level with different working operations near the real
working condition and predict the performance for each component and the whole system using empirical correlations.
Meanwhile, a 2D model of the falling film that focuses on the absorber’s details using a numerical method is used to
assess the influence of enhanced thermal conductivity using nanoparticles.

2. SYSTEM DESCRIPTION
2.1 Falling film model description and numerical implementation
For a falling film absorption problem, a simplified model is used and programmed in C++ to investigate the performance
of a falling film with nanoparticles. A sketch of the falling film is described as Figure 1a. The control equations for
the heat and mass transfer is shown as Equation 1 to 3

u

∂2T
∂T
=α 2
∂x
∂y

(1)

u

∂2X
∂X
=α 2
∂x
∂y

(2)
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(a) A smooth laminar vertical falling film

(b) Scheme of the simulated absorption system

Figure 1: Falling film model and absorption system
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(3)

Hypothesis for the numerical solution is taken from Meyer & Ziegler (2014), and Yang & Wood (1992). The smooth
film theory is employed here and the results are compared with analytical results from Meyer & Ziegler (2014).
The finite volume method was used for the discretization, and the secant method was used to calculate the values on
the boundary interface. On the x coordinate, the temperature and concentration are calculated with the TDMA solver,
and the scant method is used to solve the equilibrium condition. Since the upstream term will not affect the results,
the problem could be turned into 1D and solved line by line until the end of the film length. The model is built to
obtain the average heat transfer coefficient for the falling film and compare it with the heat transfer coefficient in
the absorber to observe the difference. The results are shown in Figure 2 with the analytical model and the falling
film numerical model. In the analytical results, the subcooled level is high, and the equilibrium at the interface is not
taken into consideration. While in the falling film model, the inlet solution is also subcooled but near equilibrium. The
analytical and simulation results at 1<η<10 show discrepancy, and the solutions match well. The discrepancy is mainly
caused by the initial equilibrium at the interface. In the simulation, the solution will reach equilibrium concentration
at the corresponding pressure; meanwhile, the concentration will directly decrease with the temperature change in the
analytical solution.

2.2 Absorption system description
In terms of the system simulation, the same platform (NEST platform tool) is used to simulate the performance of the
absorption system as in the previous work Zheng, Castro, & Oliet (2021). Figure 1b shows the sketch of the system,
which consists of an absorption system and hot/cold storage tank, and flat solar collectors.
In the system simulations, exergy analysis is also introduced systematically, as shown in Zheng, Castro, Oliva, & Oliet
(2021). The main thermodynamic analysis of the absorption system is described as Equation 4 − 7.
In the system, the exergy destruction could be expressed as
ED,m = ∑ ṁi ei − ∑ ṁo eo + ∑ Q̇ (1 −
i

o

TAMB
)−W
Ti
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Figure 2: Comparison of analytical results from Meyer & Ziegler (2014) and numerical simulation in this work
of dimensionless temperature on the interface for modified Stefan numbers St at 0.13, and the Le number is 28.8
where the ED,m is the exergy destruction in the component, ṁi and ei are the inlet mass flow and corresponding exergy,
respectively, and mo , eo are the same variables at the outlet. Ti represents the heat exchange temperature of the component. The third term represents the exergy destruction due to heat transfer between the component and the ambient.
The components are considered well isolated, hence the heat loss to the ambient is neglected, and this term is 0. For
the whole system we have
ED,tot = ∑ ED,m

(5)

m

In the absorption chiller aplication, the COP and COPEX are calculated as below:
COP =

COPEX =

Q̇EVA
Q̇GEN

Q̇EVA (1 −
Q̇GEN (1 −

(6)
TAMB
)
Tcold
T0
)
Thot

(7)

3. RESULTS ON THE PERFORMANCE ENHANCEMENT WITH VARIOUS METHODS
Currently, many methods are carried out to enhance the absorption system performance, and these methods could be
roughly divided into three parts: i) surface treatment of the heat and mass transfer for the interior part of the components;
ii) changing working pairs or adding additives to working pairs; iii) or apply exterior force field like mechanical
vibration.Among the methods to improve the performance of the absorption system, modifying the working pairs is
the most common way to realize enhancement. Surfactants could reduce surface tension and enhance the Marangoni
effect, and nanoparticles could be suspended in the liquid and increase their thermal conductivity. Since additives will
only stand in a small quantity in the working pairs, the other properties like density, viscosity, mass diffusivity, and
specific heat capacity will not significantly change.

3.1 Surface treatment
The model from Morison et al. (2006) for wettability is considered in the NEST model. According to the correlation in
Morison et al. (2006), as shown in Equation 8, the wettability is mainly affected by the contact angle, surface tension,
density, and viscosity. Moreover, the wettability could be improved through the hydrophilic coating method mentioned
in Ye et al. (2017). Superhydrophilic coating to the material could reduce the contact angle to 0.2 rad or lower, resulting
in a dominant correlation role. Compared with other criteria like Mikielewicz et al. (1976), the model from Morison
et al. (2006) could predict wettability for a low contact angle condition. When the hydrophilic surface treatment is
applied to the absorber, the coating could significantly increase the contacting area and the wettability. For the same
volumetric flow rate at 5.76E-6 m3 ⋅s−1 , with the model from Morison et al. (2006), the QEVA increased from 4.0 to 4.8
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kW compared with the model form Mikielewicz et al. (1976), and COP increased from 0.74 to 0.76 and COPEX from
0.45 to 0.51. The minimum wetting rate could be reduced to 0.02 kg(m ⋅ s)−1 , which could guarantee the wettability
remains at 1.0 and could also reduce the working pairs load to the machine. For the proposed design of the absorption
machine, Castro et al. (2020), the loaded working pairs could be reduced from 10 L to 5 L for both working pairs when
maintaining the same working capacity and similar COP, COPEX .
γ = 0.13(1 − cosθ)0.764 σ 0.764 ρ0.255 μ−0.018

(8)

3.2 Effect of nanoparticles
With the presence of nanoparticles in the working pairs, in other words, nanofluid working pairs will change their
thermodynamic properties such as density, viscosity, and thermal conductivity. However, due to the volume fraction of
the nanofluid is generally a tiny amount, the effect on the density and viscosity is neglectable. Here the enhancement
ratio of thermal conductivity is considered as the main variable λnano /λ0 . Some experimental data of enhancement ratio
is shown in Table 1.
Table 1: Results of nanofluid
Ref
Jung et al. (2011)
Pryazhnikov et al. (2017)
Pryazhnikov et al. (2017)
Jana et al. (2007)

Nano particle
Al2 O3
Al2 O3
CuO
Cu

Liquid
LiBr 50wt%
EG
Water
Water

Volume fraction [%]
0.1
6
6
0.3

λnp W[(m ⋅ K)−1 ]
40
40
76
400

λ0
λnp

1.02
1.24
2.0
1.75

The results of falling film is shown as Figure 3a and 3b. In the results, the increase of λ could accelerate the temperature
decrease along with the falling film length, which in practice could contribute to the design of a compact absorption
system. And the higher the thermal conductivity the solution has, the higher the heat transfer coefficient it will obtain.
In Figure 3b, the results show that the thermal conductivity enhancement has a stronger effect on the Carrol solution
than on the LiBr solution.
1.2

Results of performance enhacement, Xnano/X0

1
Effectiveness (T-Twall)/(Tin-Twall)

1.6

λnano/λ0=1.0
λnano/λ0=1.3
λnano/λ0=1.5
λnano/λ0=2.0
Yang 1992
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(a) The temperature of the liquid interface of LiBr solution of the falling film, where the inlet condition is
T = 44.44 °C,X = 0.6, the lines represents different enhancement ratio of the thermal conductivity λnano /λ0

1.5
1.4

LiBr solution α
Carrol solution α
Uint in NEST with LiBr
Qoutput in NEST with LiBr
Uint in NEST with Carrol
Qoutput in NEST with Carrol

1.3
1.2
1.1
1
1.0

1.2
1.4
1.6
1.8
Thermal conductivity enhancement λnano/λ0

2.0

(b) Results of performance enhancement of thermal
conductivity, the X represents the parameter enhanced
Xnano is the enhanced factor, and X0 is the original value.
In which α is the heat transfer coefficient for the falling
Q
film, α = ΔTδy
, Uint is the heat transfer coefficient in the
absorber, and Qoutput is the output energy in the system,
in absorption chiller Qoutput equal to evaporator working
capacity.

Figure 3: Falling film simulation and NEST simulation results
On the other hand, when the enhancement of thermal conductivity is carried out with NEST for system simulation using
an empirical correlation, the results are shown in Figure 3b. With the empirical correlation, the heat transfer coefficient
in the absorber has the same tendency as the heat transfer coefficient of the falling film, and those two working pairs
have similar behaviour. Due to different simulation algorithms, the enhancement ratio of heat transfer coefficients
19th International Refrigeration and Air Conditioning Conference at Purdue, July 10-14, 2022
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calculated by the falling film numerical model is smaller than the NEST model. The heat transfer coefficient in the
NEST is calculated by the empirical model with only the parameters of the whole domain of the absorber. In contrast,
the pressure, mass flow, and wall temperature are all fixed in the falling film model. The heat transfer coefficient
represents the heat transfer capacity alongside the film length, where the temperature and concentration vary from
the inlet to equilibrium. As shown in Figure 3a, the temperature decreases faster with a higher thermal conductivity;
thus, the enhancement will mainly affect the initial region in the falling film. Consequently, the overall heat transfer
coefficient enhancement is lower than an empirical prediction. Whatmore, the working capacity increase only a small
amount with the λnano /λnano , since the energy input will not change in the system. In the system simulation, the COP,
COPex , and EDsys remain at the same level.

3.3 Effect of surfactants
Surfactants could help enhance the Marangoni effect in the vertical falling film process, increasing the heat and mass
transfer coefficients. Enhancement relationships were extracted from Cheng et al. (2004) and Fu Lin & Shigang (2011)
concerning mass transfer that increases 2 times. From Zhang et al. (2019) was extracted the heat transfer enhancement
2 times using Equation 9. All these enhancements have been implemented in the cycle simulation.
′′

αNu = C Re

m

′′

p

r

l

g
dσ
aXA (σ 0 − σ c )
a
ak0.5
[(
)] [
] (
) (
)
2
dXw i
1 + aXA
1 + aXA
(1 + aXA )

(9)

where the αNu represents the enhancement factor and defined as αNu = (Nu − Nu0 )/Nu0 , XA represents the bulk concentration of additive in aqueous slution, Xg represents the relative mass concentrations of additive in gas side, Xw
represents the bulk concentration of water in aqueous slution, σ 0 is the surface tension without additive and σ 0 is the
′′
′′
′′
critical surface tension with additive. The C , p, r, g, l are correlated with expeimental results, C = 5.1, m = −1.03,
p = 1.7, r = 2.7, g = −3.8, l = 1.9. and other parameters of surface tension are listed in Table 2. On the other hand,
Table 2: Parameters of surface tension in Cheng et al. (2004)
Additive
1-octanol
2-EH 5

a
8.0E4
8.3E4

k [s−1 ]
1.3E-5
0.67E-5

σ 0 − σ c [mN⋅m−1 ]
69.4
59.4

dσ e
[mN⋅m−1 ]
dXw

0.45
0.80

the values of surface tension are extracted from previous work Zheng, Castro, Oliet, & Oliva (2021). Considering the
enhancement of surfactants, the simulation results are shown in Table 3, where the concentration is the mass fraction
of surfactant in the working pairs, X8 and T8 are solution temperature and concentration at the absorber inlet,Uint is
the overall heat transfer coefficient, β is the mass transfer coefficient in the absorber, Qoutput is the cooling capacity of
the evaporator, and EDsys is the exergy destruction rate for the absorption system. The working capacity of LiBr and
Carrol could increase by 3.2 − 7.8%, 4.8 − 13.1%, respectively. The working pair Carrol−H2 O is more sensitive to the
enhancement, and all the enhancements will not significantly change the COP, COPEX , and EDsys .

3.4 Effect of vibration
A vibrating screen is employed in Tsuda & Perez-Blanco (2001) to enhance the vertical falling film absorption. The
results of absorbed mass flux optimization with amplitude at 0.2 mm at different frequencies are shown in Table 4. The
results show the enhancement of mass absorbed by the solution on a vibrating plate. A parameter for mass transfer
coefficient was introduced to NEST to complement the enhancement factor of vibration.
Table 3: Thermophysical charteristics of absorption system with and without surfactants
Additive
LiBr Morison2006
LiBr with 2EH
LiBr with 2EH
LiBr with 2EH
Carrol Morison2006
Carrol with 1PH
Carrol with 1PH
Carrol with 1PH

Enhancement relationship
Cheng et al. (2004)
Fu Lin & Shigang (2011)
Zhang et al. (2019)
Cheng et al. (2004)
Fu Lin & Shigang (2011)
Zhang et al. (2019)

Concentration [ppm]
0
100
100
150
1000
1000
1500

X8 [%]
0.582
0.563
0.564
0.560
0.634
0.631
0.630
0.623

T8 [°]
43.57
38.80
39.3
38.9
39.2
38.4
39.4
38.8

COP
0.747
0.749
0.751
0.757
0.774
0.775
0.779
0.757

COPex
0.448
0.466
0.466
0.475
0.462
0.466
0.469
0.475

Uint [W(m2 ⋅ K)−1 ]
749
1510
757
1531
554
1125
571
1174

β[g(m2 ⋅ s)−1 ]
5.93E-5
5.92E-5
1.21E-4
3.67E-4
2.78E-5
3.16E-5
6.54E-5
2.05E-4

Qoutput [W]
6486
6693
6656
6994
5338
5593
5638
6036
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Table 4: Results of enhancement of vibration
Re
20
40
60
80
100
200
300

Frequency Hz
40
40
40
60
100
60
100

Mass flux absorbed [kg(hr ⋅ m2 )−1 ]
3.68 − 5.34
4.13 − 7.41
5.27 − 7.15
5.92 − 6.59
6.48 − 7.33
5.42 − 5.77
4.74 − 6.06

mabs0
mabs,vibration

0.45
0.794
0.113
0.188
0.131
0.065
0.278

4. ENHANCEMENT COMBINED ADVANTAGES AND DISADVANTAGES
Multiple enhancements strategies for the heat and mass transfer absorption process could be employed for a small
capacity absorption system. Meanwhile, all the enhancements have disadvantages considering operation conditions,
varying thermophysical parameters, and final cost. The advantages are mainly the improved heat and mass transfer,
leading to higher performance. And in terms of the disadvantages, different methods may introduce various weaknesses
to the absorption system. The ideal results are listed in Table 5, in which the enhancement ratio is extracted with the
simulation results explained in the previous chapters. The surfactants need replenishment in the solution circle from
time to time. Also, there are difficulties in determining the concentration of the surfactants in the system. For the
nanofluid, the nanoparticles suspended in the solution may not be stable for an extended period, and the particles’
sediment may cause other problems such as damage to the pump. Besides, if the vibration is applied to an absorption
system, it may introduce leak risk in the long term since the system works under a high vacuum.
Table 5: Thermophysical characteristics of absorption system with ideal enhancements
Qoutput
Q0

Uint
U0

Enhancement
Surfactant
Nanofluid

LiBr
204%
130%

Carrol
212%
130%

LiBr
108%
104%

Carrol
113%
106%

Vibration

130%

140%

103%

104%

Disadvantages
Need replenishment for surfactant
Nanoparticles may precipitate and form sediment
Vibration distribution not uniform and may introduce leak risk to the absorption system

5. CONCLUSIONS
In this work, various methods are complemented in numerical simulations to investigate the performance enhancement
of an absorption system. The wettability in the absorber is critical to the performance. If the wettability increased from
0.44 to 1.0, the working capacity of LiBr and Carrol could increase 10%, 20%, respectively. Adding surfactants to the
working pairs could reduce surface tension and strengthen the Marangoni effect, improving the heat and mass transfer
effect. With surfactant 2−EH in the system under the same operating condition, the working capacity could increase
by 3.2 − 7.8%, 4.8 − 13.1% for LiBr and Carrol working pairs, respectively. Meanwhile the COP, COPEX , EDsys stays
at the same level. Similar to surfactants, the nanofluid could also change the thermophysical properties of working
pairs by increasing the thermal conductivity. The thermal conductivity will increase by 30% for both working pairs,
and the working capacity will increase by around 5%. Besides, the vibration could also help to improve the working
performance and has a similar effect to nanofluid. Also, all these enhancements could be applied to the same system
simultaneously. The simulation may not predict the final performance since the enhancements may interfere with each
other somehow. Experimental works are necessary to investigate the multiple enhancements in the same system for
future work.
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NOMENCLATURE
D
Q̇
T
X
u0
a
e
h
s
α
β
γ
σ
θ
λ
δ
ρ
η
ξ
Re
St
Le
COP
ED

Mass diffusivity
Heat flux
Temperature
Concentration
Mean film velocity
Thermal diffusivity
Exergy
Enthalpy
Entropy
Heat transfer coefficient
Mass transfer coefficient
Minimum mass flow rate
Surface tension
Contact angle
Thermal conductivity
Mean film thickness
Density
Dimensionsless y coordinate
Dimensionsless x coordinate
Reynolds number
Stefan number
Lewis number
Coefficient of performance
Exergy destruction rate

Subscript
EVA
GEN
sys
in
out
pri
sec
AMB
abs
cold
hot
eq
ex
s
v
0

Evaporator
Generator
System
Inlet
Outlet
Primary circuit
Secdonary circuit
Ambient
Absorption
Cold source
Hot source
Equilibrium
Exergy
Solution
Vapour
Reference point

(m2 ⋅s−1 )
(W)
(°C)
(–)
(m⋅s−1 )
(m2 ⋅s−1 )
(kJ⋅kg−1 )
(kJ⋅kg−1 )
(kJ⋅kg−1 )
(–)
(–)
(kg(m ⋅ s)−1 )
(mN⋅m)
(°)
(W(K ⋅ m)−1 )
(m)
(kg ⋅ m−3 )
y
δ
x
δ

⋅ ua0 δ
4Γ/μ

X0 (Teq −T0 )
habs (Xeq −X0 )
a
D

(–)
(kJ⋅kg−1 )
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